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Abstract — The X-ray spectrum of the Galactic microquasar SS 433 contains a rich set of emission lines of
highly ionized atoms of heavy elements whose significant Doppler shift leaves no doubt that they are produced
in collimated relativistic jets of outflowing material. We have performed a systematic analysis of the high-
resolution X-ray spectra obtained by the Chandra observatory to determine the parameters of the jets within
the multitemperature model of their emission that self-consistently predicts the source’s line and continuum
spectrum. The spectrum of SS 433 at energies below 3 keV is shown to be statistically satisfactorily described
by the jet emission model, while the introduction of an additional hard component is required above 3 keV. We
summarize the jet parameters (bulk velocity, opening angle, kinetic luminosity, base temperature, and relative
elemental abundances) derived by fitting the data below 3 keV and describe the revealed degeneracies and
systematic effects due to the presence of an additional component. Using the derived parameters, we show that
the hard component is compatible with the emission from the hot (up to 40 keV) extension of the visible part of
the jets moderately absorbed (NH ∼ 2 × 1023 cm−2) in the cold-wind material. The combined X-ray emission
model constructed in this way allows the broadband spectrum of SS 433 to be described self-consistently.
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1 INTRODUCTION
One of themost important predictions of the theory of disk accretion
onto compact objects (Shakura & Sunyaev 1973) is the launching
of intense gas outflows in the form of massive winds and relativistic
jets in the case where the mass transfer rate is close to or exceeds
the critical level. Such outflows facilitate the self-regulation of the
accretion process in this regime, so that the rate of mass inflow into
the innermost disk regions, where the main energy release occurs,
remains close to the critical one, with much of the released energy
being converted into the kinetic energy of the wind and jets. On the
whole, recent numerical simulations (Ohsuga & Mineshige 2011;
Fender & Gallo 2014; Sa˛dowski et al. 2014; Jiang, Stone & Davis
Jiang et al.) confirm this picture. However, the validity of various
quantitative predictions, such as the total radiative accretion effi-
ciency, the degree of collimation of the emission, and its spectrum,
and the fraction of the energy carried away by the relativistic jets,
can be clarified only through observations of the sources in which
the regime of supercritical accretion is believed to be realized.
The class of such sources is fairly wide, for example, extremely
bright states of X-ray binaries in the Galaxy, ultraluminous and
supersoft ultraluminous X-ray sources in nearby galaxies(Feng &
Soria 2011; Urquhart & Soria 2016; Liu et al. 2015), events of
tidal disruption of stars by supermassive black holes at the centers
of galaxies (see Middleton et al. 2018, and references therein),
and, possibly, growing massive black holes in the early Universe. In
view of their extreme brightness, such sources can exert a noticeable
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influence on their environment, be they the molecular clouds at the
centers of galaxies, the circum- or intergalactic gas, or the galactic
medium of the first galaxies (see, e.g., Sazonov & Khabibullin
2018). A sufficiently accurate description of this influence also
requires knowing the quantitative characteristics of their emission,
winds, and relativistic jets.
UltraluminousX-ray sources (ULXs), i.e., compact extragalac-
tic sources with X-ray luminosities 1039–1041 erg s−1, are appar-
ently an especially important class of supercritical accretors (or a
review,see Feng & Soria 2011). Such sources dominate in the to-
tal X-ray luminosity of star-forming galaxies in the local Universe
(Mineo et al. 2012; Sazonov & Khabibullin 2017) and may have
played a prominent role in heating the early Universe before the
reionization epoch (Sazonov & Khabibullin 2017; Madau & Fragos
2017).
The prototype of ultraluminous X-ray sources in our Galaxy is
believed to be the unique microquasar SS 433 (Fabrika & Mesch-
eryakov 2001; Begelman et al. 2006; Poutanen et al. 2007; Fabrika
et al. 2015), which has stably launched precessing relativistic jets
of material (close in composition to the ordinary stellar gas) at least
over more than 40 years of direct observations (for a review, see
Fabrika 2004). The mass transfer rate by the donor star is estimated
to be 10−4 M yr−1 based on the observed flux in the Hα line
(Shklovsky 1981; van den Heuvel 1981), which exceeds the critical
level for any reasonable mass of the compact object (estimated to
be in the range from 1 to 15 M Fabrika & Bychkova 1990; Hill-
wig et al. 2004; Blundell et al. 2008; Kubota et al. 2010; Goranskij
2011; Cherepashchuk et al. 2018) at least by several hundred times,
leaving the question about its nature open.
Apart from intense ultraviolet radiation, whose luminosity is
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estimated to be 1040 erg s−1 (Dolan et al. 1997; Waisberg et al.
2018), the relativistic jets are the main observed manifestation of
the operation of a supercritical “central engine”, because its ra-
diation (with a luminosity close to the Eddington one) must be
efficiently screened from us by a thick accretion disk and its wind.
An observer located in a direction close to the disk axis could pos-
sibly see this radiation and SS 433 would actually resemble a ULX
for this observer. However, the constraints obtained by searching
for the reflected collimated emission from SS 433 by the atomic
and molecular gas in the Galactic plane do not confirm this picture
(Khabibullin & Sazonov 2016) and suggest that SS 433 more likely
resembles supersoft ULXs, with almost all of their radiation being
emitted at energies below 1 keV (Urquhart & Soria 2016; Liu et al.
2015).
A significant (z ∼ 0.1) and periodically changing (due to the
jet precession with an amplitude of 21° and a period of 162 days)
Doppler shift allows one to efficiently identify the jet emission lines
in the source’s optical spectrum and to accurately determine their
parameters, primarily the velocity and the kinetic luminosity. They
show a remarkable stability over the entire period of available ob-
servations (Cherepashchuk et al. 2018), with the probable exception
of the jet “switch-off” periods observed at the times of enhanced
radio and optical flaring activity of the source (Kotani et al. 2006).
The fact that the optical emission region corresponds to ≈ 0.5–1
day of jet gas flight, i.e., lies at distances ≈ 3–6 × 1014 cm from
the central source (Fabrika & Borisov 1987; Panferov & Fabrika
1993; Waisberg et al. 2018) that significantly exceed the system’s
characteristic sizes∼ 1012 cm (see, e.g., Hillwig et al. 2004), should
be taken into account.
In contrast to the optical emission, the X-ray emission from the
system is determined largely by the relativistic jets, as evidenced by
the shifted (like the optical lines) intense emission lines of highly
ionized atoms of heavy elements (neon, silicon, sulfur, iron, and
nickel) observed in the X-ray spectrum (Abell & Margon 1979;
Brinkmann et al. 1996; Kotani et al. 1996; Marshall et al. 2002;
Lopez et al. 2006; Marshall et al. 2013). The X-ray emission from
the jets is well described by the standard model of a nearly ballistic,
moderately relativistic gas flow, which becomes visible to a distant
observer when its characteristic temperature is typically T0 ∼ 30
keV (Khabibullin et al. 2016;Medvedev et al. 2018). As one recedes
from the base, the material cools down through adiabatic expansion
and energy losses by radiation until the temperature reachesT ∼ 0.1
keV. Thereafter, a thermal instability apparently develops in the gas
and causes fragmentation of the flow (Brinkmann et al. 1996). An
analysis of the orbital-precessional variability of the X-ray emission
leads to the conclusion about close proximity of the radiative cooling
region of theX-ray jets to the central sources, at distances∼ 1012 cm
(Filippova et al. 2006; Marshall et al. 2013). Therefore, determining
the quantitative characteristics of the X-ray jets is also important for
understanding the physical conditions in the system’s more compact
regions, in which the jets are formed, collimated, and accelerated
(< 109 cm).
The X-ray spectrum of the jets is a combination of continuum
thermal bremsstrahlung radiation coming from the hottest parts and
a set of emission lines of the above-mentioned elements forming
predominantly in regions with temperatures that provide a maxi-
mum plasma emissivity in a given line (Khabibullin & Sazonov
2012). This standard multitemperature thermal emission model
(Brinkmann et al. 1988; Kotani et al. 1996; Khabibullin et al. 2016)
turned out to be capable of satisfactorily describing the soft part
(up to 3 keV) of the X-ray spectrum for SS 433. However, it has
soon become clear that the observed spectrum has an appreciable
emission excess at higher energies. An additional component in the
X-ray spectra of SS 433, which is not reproduced in the standard
emission model, was identified by Brinkmann et al. (2005) when
analyzing the XMM-Newton data. The X-ray continuum at energies
above 3 keV was shown to be too hard in comparison with the
thermal bremsstrahlung of the jet matter, while the emission lines
of hydrogen- and helium-like iron pointed to a plasma temperature
∼ 10–15 keV. To explain the nature of the additional component,
(Medvedev & Fabrika 2010) proposed a scenario in which the hard
X-ray emission results from the reflection of the emission of a hy-
pothetical central source from opaque walls of a supercritical disk
funnel. Apart from the excess of hard X-ray emission, this model
also explains the observed fluorescent Fe I line at 6.4 keV. In that
case, the additional component and the observed fluorescence are
not associated directly with the jet emission, while the required lu-
minosity of the hidden source is ∼ 1040 erg s−1, which, however,
may well be the case if SS 433 is an ultraluminous X-ray source
viewed edge-on (see also Middleton et al. 2018). In our recent
paper Medvedev et al. (2018) we proposed an alternative scenario,
in which, on the contrary, the hard component is explained by the
emission from the hot extension of the visible part of the jets that is
partially absorbed as a result of its passage through the dense wind
of a supercritical disk.
The unknown formationmechanism of the hardX-ray emission
makes it difficult to analyze the X-ray emission from the jets, be-
cause the unknown spectral shape of the additional component does
not allow the jet parameters to be reliably determined by modeling
the broadband spectrum. At the same time, for a better understand-
ing of the nature of the hard component, it seems necessary to more
accurately extract its emission from the source’s total observed spec-
trum by determining the contribution of the jet emission from the
soft spectral region. In this paper we perform a systematic analy-
sis of the high resolution X-ray spectra obtained by the Chandra
observatory to determine the parameters of the jets within the mul-
titemperature model of their emission that self-consistently predicts
the line and continuum spectrum (Khabibullin et al. 2016). Using
the soft 1–3 keV energy band, where the relative intensity of the
hard component is low, while the energy resolution and sensitivity
of the HETGS reach the highest values, we extract the contribution
of the additional component from the total broadband spectrum and
reach conclusions regarding the validity of the proposed emission
model for the hot extension of the jets (Medvedev et al. 2018).
The paper has the following structure. The set of investigated
observational data from high-resolution X-ray spectroscopy is de-
scribed in Section 2. Section 3 gives a brief description of the bjet
X-ray jet emission model described in detail in Khabibullin et al.
(2016). In Section 4 we analyze simplified characteristics of the
spectra and compare them with the predictions of the jet emission
model and show that the spectral shape of the observed emission in
the entire accessible range cannot be described exclusively by the jet
emission model. In Section 5 we perform a detailed analysis of the
spectrum below 3 keV, where the general emission characteristics
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are consistent with the predictions of the jet emission model and for
which the best quality of spectroscopic data is available. In Section 6
the results obtained from the soft spectral band are compared with
the broadband spectrum. In Section 7 we propose a physical model
of the observed emission excess and fit the broadband spectrum by a
combined model. In Section 8 we formulate our main conclusions.
2 DATA
Table 1 provides general information including the observation
identifiers, dates, exposure times, count rates, orbital and preces-
sion phases for the Chandraobservations of SS 433 analyzed in this
paper. The last column lists the references to the previous papers
where the corresponding observations were analyzed. All obser-
vations were obtained using the ACIS (Advanced CCD Imaging
Spectrometer) in combination with the sensitive HETGS (High-
Energy Transmission Grating Spectrometer, Weisskopf et al. 2002;
Canizares et al. 2005). For each observation we combined the spec-
tra taken in the ±1st diffraction orders, but the data from the high-
and medium energy gratings (HEG and MEG) were analyzed sep-
arately due to a significant difference in their response functions.
The data were downloaded, prepared, and processed by means
of the standard TGCat (Huenemoerder et al. 2011) and CIAO 4.9
packages. Figure 1 shows the X-ray luminosity of SS 433 converted
from the fluxes presented in the TGCat flux properties table (see.
Huenemoerder et al. 2011) for theMEG energy range and a distance
to the source taken to be 5 kpc. Since the TGCat standard flux
determination procedure does not involve modeling the source’s
spectrum, the quantities presented in Fig. 1 are designed only for a
qualitative description of the SS 433 states.
The spectra were fitted by means of standard tools from the
XSPEC software package (version 12.10.1, Arnaud 1996) and the
Python interface PyXSPEC (version 2.0.2) for the organization of
a data analysis pipeline. Some fraction of the spectral channels
have a low signal-to-noise ratio; in this case, applying the standard
χ2-statistic can lead to biased estimates of the best-fit parameters
(Humphrey et al. 2009). Given that we are interested in analyzing the
spectral lines of the jets, we prefer to avoid additional data binning
due to the loss of information inherent in such a procedure. Taking
into account the low HETGS noise background level, instead we
will use the Cash (1979) statistic (C-statistic), which is applied for
data with Poissonian statistics and, at the same time, asymptotically
tends to χ2 statistic in the limits of a large number of counts. The
spectra with a small number of counts can also be analyzed using
statistical weighting Churazov et al. (1996), as was demonstrated,
for example, in Khabibullin et al. (2016). The significance of the
result obtained and the degree of degeneracy of individual model
parameters were determined by the Monte Carlo method based on
a scheme of Markov chains. The Metropolis-Hastings algorithm
(Hastings 1970) was chosen as the scheme of a Markov chain. The
errors for the best-fit parameters given in this paper correspond to
the intervals between the 5 and 95% quantiles (90% significance).
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Figure 1.X-ray luminosity of SS433 recorded by theChandraMEG (0.4–5.0
keV) during the observations presented in Table 1 versus its precession phase
ψ. The precession phase was calculated from the ephemeris of Goranskij
(2011); for the observations withψ > 0.5 the precession phase wasmirrored
according to the formula ψ = 1 − ψ. The X-ray luminosity was calculated
for a distance to SS 433 taken to be 5 kpc. The numbers at the top indicate
ObsID for each observation. The measurement errors are comparable with
the symbol size. The out-of-eclipse observations (orbital phases 0.15 < φ <
0.85) are shown by the filled symbols. The vertical dashed line marks the
times at which the jet axis crosses the observer’s plane of the sky (crossover
times).
3 MULTITEMPERATURE THERMAL JET EMISSION
MODEL
The multitemperature jet emission model with adiabatic expansion
and gas energy losses by radiation was calculated numerically by
Brinkmann et al. (1988) and analytically byKoval&Shakura (1989)
(without allowance for the line emission when calculating the spec-
trum and the gas cooling function). In subsequent papers (Medvedev
& Fabrika 2010; Khabibullin & Sazonov 2012; Khabibullin et al.
2016) the calculations have already been based on modern atomic
databases, which allow the emission in lines and continuum to be
taken into account. The model from Khabibullin et al. (2016) looks
particularly convenient for observational data analysis owing to the
tabular presentation of the computed models on the physically mo-
tivated domain of the parameter space (below in the text referred to
as the bjetmodel). In this paper the bjetmodel will be used as the
main tool for analyzing the observational data; the basic principles
of the model are described below (for a detailed description, see
Khabibullin et al. 2016).
The relativistic jet is treated as an axisymmetric ballistic flow
of baryonic matter (gas) moving with a constant, mildly relativistic
speed β = v/c perpendicularly to the accretion disk plane. The
degree of gas collimation is specified by the flow cone half-opening
angle Θ ∼ 0.01 rad. For such a formulation of the problem the
physical conditions along the entire jet are functions of only one
coordinate along the axis of symmetry. The basic equation defining
the gas temperature profile along the jet is the thermal balance
ASTRONOMY LETTERS Vol. 44 No. 6
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ObsID Date JD 2’450’000+ Exposure„ Count rate, φ ψ Bibliography
ksec cts/s (MEG)
106 1999-09-23 1445.01 28.7 1.59 0.64 0.92 Marshall et al. (2002)
1020 2000-11-28 1877.06 22.7 0.58 0.67 0.58 Lopez et al. (2006)
1019 2001-03-16 1985.43 23.4 1.58 0.95 0.25 Lopez et al. (2006),
Khabibullin et al. (2016)
1940 2001-05-08 2038.07 19.6 0.35 0.97 0.57 Marshall et al. (2013)
1941 2001-05-10 2039.93 18.5 0.22 0.12 0.58 Marshall et al. (2013)
1942 2001-05-12 2041.94 19.7 0.88 0.27 0.60 Namiki et al. (2003),
Marshall et al. (2013)
5512 2005-08-06 3588.97 19.7 2.31 0.52 0.13 Marshall et al. (2013)
5513 2005-08-12 3594.83 48.1 1.75 0.97 0.16 Marshall et al. (2013)
5514 2005-08-15 3597.93 73.1 2.08 0.21 0.18 Marshall et al. (2013)
6360 2005-08-17 3600.45 57.3 2.07 0.40 0.20 Marshall et al. (2013)
15781 2014-08-09 6878.98 138.2 0.33 0.01 0.40
Table 1. Log of Chandra/HETGS spectroscopic observations of SS 433. The columns present the observation identifiers and dates, exposure times, count
rates, orbital and precession phases, and bibliographic references to the previous papers where the corresponding observations were used.
equation:
dT
dr
= −2 (γ − 1) T
r
− 2neni
3 (ne + ni)
ΛZ (T)
βc
, (1)
where r is the distance measured from the cone vertex along the jet
axis, ne(r) and ni(r) are the electron and ion densities, T(r) is the gas
temperature, and γ = 5/3 is the adiabatic index. The first and second
terms on the right-hand side of the equation correspond to cooling
due to adiabatic expansion and gas energy losses by radiation, re-
spectively. The integral gas emissivity ΛZ (T) =
∫
Z (E,T)dE is
calculated in the regime of a hot optically thin plasma in colli-
sional ionization equilibrium (CIE) based on AtomDB/APEC1 (ver-
sion 3.0.9, Foster et al. 2012). Thus, the gas energy losses by
radiation are calculated self-consistently, which allows the emis-
sion measure distribution to be reproduced with a high accuracy in
the range of temperatures corresponding to both continuum and line
emissions (Khabibullin et al. 2016). The total model spectrum is
determined by adding the contributions of thin single-temperature
transverse layers along the jet. The input parameters of the bjet2
are the kinetic luminosity Lk , the gas temperature at the jet base T0
(the jet region closest to the compact object directly visible to an
observer is called the base), the transverse optical depth for elec-
tron scattering at the jet base τe0, and the heavy-element abundance
Zi relative to the solar chemical composition (Anders & Grevesse
1989) (in this paper we will decouple the abundances of various el-
ements when fitting the data; therefore, we prepared a similar model
with free abundance parameters3). The shape of the model spec-
trum is determined by the differential emission measure distribution
along the jet and depends mainly on the parameter α (but also on
T0 and Zi), which is the ratio of the energy losses by radiation to
the adiabatic cooling at the jet base:
α =
2
3
τe0
Θβ
ΛZ (T0)
σecT0
X
1 + X
, (2)
where ΛZ (T0) is the plasma emissivity, X = ni/ne ≈ 0.91 is the
1 http://www.atomdb.org
2 We use its version adapted for analyzing the spectra of SS 433; for more
details, see Khabibullin et al. (2016).
3 The model is publicly accessible and can be downloaded from ftp:
//hea.iki.rssi.ru/medvedev/bjet
ratio of the ion and electron densities, and σe = 6.65×10−25 cm2 is
the Thomson cross section. If the energy losses by radiation are as-
sumed to be due to only the bremsstrahlung of hydrogen and helium,
then we can obtain a simple estimate, α ≈ 4.42 τe0 ×
(
10 keV
T0
)1/2
.
The gas cooling is determined by the adiabatic jet expansion for
α  1 and by the gas energy losses by radiation for α  1 (for
more details, see Khabibullin et al. 2016).
4 BASIC CHARACTERISTICS OF BROADBAND
SPECTRA
Themultitemperature jet model predicts a powerlaw spectrum in the
3–6 keV energy band, which is a sum of plasma bremsstrahlungwith
different temperatures. The spectral slope turns out to be sensitive
to the temperature of the visible jet base in view of the decrease
in differential emission measure with decreasing gas temperature
along the jet and depends weakly on other model parameters in
view of the absence of intense emission lines in this energy band.
In contrast, the 6–9 keV X-ray flux depends largely on the flux in
iron and nickel lines, which makes the 6–9 to 3–6 keV flux ratio
sensitive to the gas metallicity in the jets, because the continuum in
this energy band predicted in the model is formed mainly through
the bremsstrahlung of hydrogen and helium. Measurements of the
fluxes in hydrogen- and helium-like iron lines, the most intense
lines of the jets in the X-ray wavelength range, serve as another tool
for diagnosing the jet base temperature (for a description of the jet
parameter estimation method shown forObsID 1019 as an example,
see Khabibullin et al. 2016).
As a preliminary estimate of the jet parameters we obtain
the described spectral characteristics for the data sample listed in
Table 1. For this purpose, we describe the observed spectra in the
3–6 keV energy band by a power law with absorption. The fitting
results are shown on the upper panel in Fig. 2. Next, by extending
the energy band to 9 keV, we model the main observed lines by
a sum of Gaussians with linked Doppler shifts corresponding to
the line-of-sight velocities of the two jets. In this energy band the
most intense lines of the jets are the FeXXVKα, FeXXVI Lyα and
NiXXVIIKα lines. The centroid of the unshifted NiXXVIIKα line
(E0 ∼ 7.8 keV, the weighted mean centroid of the triplet) lies at the
ASTRONOMY LETTERS Vol. 44 No. 6
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Figure 2. Basic characteristics of the SS 433 spectra for the Chan-
dra/HETGS observations versus precession phase ψ, for the observations
with phases ψ > 0.5 the precession phase is mirrored. The upper panel
shows the spectral power-law index in the 3–6 keV energy band. The hori-
zontal dashed line indicates Γ = 1.5. The middle panel shows the ratio of the
fluxes in the 6–9 and 3–6 keV energy bands found by fitting the spectra with
a power law and a sum of six Gaussians in the 3–9 keV band. The horizontal
dashed line indicates a flux ratio of ≈ 0.75 for the power-law spectrum with
Γ = 1.5. The lower panel shows the ratio of the fluxes in the FeXXVI Lyα
and FeXXV Kα . The horizontal dashed line indicates 0.3 corresponding to
a jet base temperature of ≈ 12 keV (see Fig. 7 in Khabibullin et al. 2016). All
quantities were corrected for absorption for an equivalent hydrogen column
density of 1.2×1022 atoms cm−2. The vertical line marks the times at which
the jet axis crosses the observer’s plane of the sky (crossover).
sensitivity edge of the first HEG diffraction order and, therefore, the
line is detected with confidence only for the jet with a positive line-
of-sight velocity. Apart from the relativistic lines, the fluorescent
Fe I Kα line at 6.4 keV with an equivalent width of ≈ 50–60 eV
is detected reliably; we will describe this line by a Gaussian with
a fixed centroid. The ratios of the fluxes in the 6–9 and 3–6 keV
bands and the ratios of the fluxes in the FeXXVI Lyα and FeXXV
Kαlines found from our fitting are shown on the middle and lower
panels of Fig. 2, respectively.
The observations under consideration can be divided by their
spectral characteristics into three groups. The first group of obser-
vations (ObsID 5512, 5514, and 6360) is characterized by a hard
continuum with a photon index Γ ∼ 1 and the greatest relative con-
tribution of the emission lines. In contrast, for the second group
of observations (ObsID 1940, 1941, 1942, 1020, and 15781) the
continuum is described by a power-law slope Γ ∼ 2, while the jet
lines in the 6–9 keV band are poorly detected. The observations
from the second group correspond to the precession phases when
the accretion disk of SS 433 is viewed nearly edge-on, which may
point to a vast structure of the accretion disk wind eclipsing the hot
jet base. The third, “intermediate”, group of observations (ObsID
106, 5513, and 1019) correspondsmainly to orbital phases φ < 0.15
and φ > 0.85, during which the emission from the hot accretion
disk regions and the jets near the compact object could be partially
hidden from the observer by the companion star. At the same time,
the spectral characteristics of ObsID 106 and 1020 clearly point to
an intrinsic variability of the central X-ray source in SS 433: for
the first observation the continuum in the 3–6 keV band is appre-
ciably “softer” than that in other out-of-eclipse observations in this
range of precession phases, while during the second observation
the jet emission lines were almost completely absent in both the
soft part of the spectrum 1–3 keV (Lopez et al. 2006) and the 6–9
keV energy band (see the middle panel in Fig. 2). While comparing
Figs. 1 and 2, we can note an inverse correlation between the X-ray
flux recorded by the MEG and the power-law slope in the 3–6 keV
energy band.
It can be seen from Fig. 2 that the power-law slope of the
spectra for the first group of observations is considerably smaller
than Γ = 1.5, the limiting value in the jet emission model for a base
temperature of ≈ 40 keV. At the same time, the ratios of the fluxes
in the FeXXVI Lyα and FeXXV Kα lines point to a moderate
gas temperature near the jet base, ≈ 10 keV (cf. with Fig. 7 from
Khabibullin et al. 2016). Such a contradiction was also pointed out
based on XMM-Newton/EPIC-PN observations (Brinkmann et al.
2005). For the observations from the second group the FeXXVI
Lyα and FeXXV Kα lines are barely detected and, therefore, the
flux ratios found for them turn out to be poorly constrained.
5 DIAGNOSTICS OF THE JETS FROM THE SOFT PART
OF X-RAY SPECTRA
The unknown spectral shape of the additional component introduces
great uncertainties in describing the Chandra broadband spectra of
SS 433 by the jet emission model. Therefore, it seems important to
attempt to separate the X-ray emission produced in the jets from the
emission of the additional component, which must allow both the
jet parameters and the formation mechanisms of the observed hard
continuum to be determined more accurately. For this purpose, the
1–3 keV energy band, where the bulk of the X-ray lines are emitted
and the contribution of the additional component is expected to be
comparatively small, looks most suitable. The high efficiency of
the HETGS gratings in this energy band (the best energy resolution
and the highest sensitivity) allows the intensities and positions of
the lines of the approaching and receding jets to be measured sepa-
rately, which makes it possible to study their motion characteristics,
geometry, and the emission measure distribution in the gas along
the jets.
The precession phases near ψ = 0, when the lines of the two
jets are separated better and the inclination of the jets to the line of
ASTRONOMY LETTERS Vol. 44 No. 6
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sight changes slowly, appear to be most optimal for determining the
jet parameters from the soft part of the X-ray spectra. The ObsID
5512 and 6360 observations, during which no abrupt changes in
the X-ray flux and line positions were observed, look most “stable”.
During the VLBA and Chandra (Marshall et al. 2013) observations
corresponding to ObsID 5513 and 5514, an abrupt shift in the
positions of the jet emission lines was detected over the exposure
time, which was accompanied by the ejection of a portion of the gas
in the radio jets. Such “jitter” of the X-ray jets was also detected
during other observations: during the joint observational campaign
of 2006 in the X-ray (Suzaku observatory) and optical (6-m BTA
telescope) wavelength ranges (Kubota et al. 2010) and during the
recent XMM-Newton observations with a total exposure time of
≈ 120 ks (Medvedev et al. 2018). In this paper we investigate the
influence of such a spectral variability of the X-ray source in SS 433
on the results of our data analysis by dividing each observation into
two equal parts, after which each part is analyzed by the same
method as are the total-exposure data.
The data were analyzed by means of standard tools from the
XSPEC software package (version 12.10.1, Arnaud 1996). Follow-
ing Khabibullin et al. (2016), the contribution of the two oppositely
directed jets was calculated using a superposition of two bjetmod-
els (the bjet model is described in Section 3). The Doppler shift
of the jet spectral lines was specified by the zashift convolution
model (the relativistic boosting effect is also taken into account in
the model). The line profile and width were specified by smoothing
the model spectrum with a Gaussian using the gsmooth tool with a
power-law index of 1, in accordance with the model of line broad-
ening as a result of ballistic jet gas expansion. The interstellar and
internal photoabsorption of the X-ray emission from SS 433 was
taken into account using the multiplicative phabs model with an
abundance of the absorbing material specified in accordance with
Asplund et al. (2009)4 We performed tests using other absorption
models, namely phabs, TBabs and TBgas, and tests of these mod-
els in combination with the abundance from Wilms et al. (2000).
The equivalent hydrogen column densities (NH ) found by analyzing
the data with the phabs, TBabs and TBgas absorption models for
two sets of abundances of the absorbing material agree within 5%,
while NH for the wabs model is considerably lower, on average, by
25%. The combined model used to describe the observed spectra at
energies up to 3 keV can be arbitrarily written as follows:
Model = phabs ∗ (gsmooth ∗ (zashi f tb ∗ jetb+
constant ∗ zashi f tr ∗ jetr )),
(3)
where the factor constant allows the additional attenuation of the
red-jet emission by a constant factor in the entire energy range to
be taken into account. We will assume both jets to be identical in
terms of both geometrical characteristics and physical properties of
the gas in them. Therefore, the number of free model parameters is
reduced by coupling the kinematic luminosity, the base temperature,
the elemental abundances, and the line widths for the two jets.
4 We assume that the absorption of the X-ray emission from SS 433 can
be partly attributable to photoabsorption in the gas inside the system and,
therefore, the set of abundances for interstellar matter from Wilms et al.
(2000) was not used.
5.1 Fitting results
The initial Doppler-shift parameters and the red jet suppression
factor constant were specified in accordance with the quantities
found by analyzing the spectral characteristics in the 6–9 keV band
(see Section 4). As an initial guess for the line width (Gaussian
root-mean-square (rms) width) we used Σ(E) ≈ 25 eV × (E/6 keV)
corresponding to the opening angle and velocity of the jets specified
in the bjet model. The initial chemical composition of the jets
was specified to be the solar one (Anders & Grevesse 1989; for a
discussion, see below), except for the abundance of nickel whose
excess has been repeatedly confirmed both from the soft part of the
spectrum and in the 6–9 keV energy band; we set the initial nickel
abundance equal to ZNi = 8 (Brinkmann et al. 2005; Medvedev
& Fabrika 2010; Khabibullin et al. 2016; Medvedev et al. 2018).
In the first fitting step, we searched for the jet line positions in the
spectrum. For this purpose, all parameters, except for the Doppler
line shifts, the spectrum normalization, and the temperature, are
fixed. The spectrum is fitted in the 0.8–3 and 1–3 keV energy bands
for the MEG and HEG, respectively. In the second step, the line
positions are fixed and the absorption is determined from the data.
Next, the best-fit model is determined for the Ne, Na, Al, Mg, S, Fe,
and Ni abundances, the jet line widths, and the factor constant at a
fixed solar Si abundance.
Figures 10 and 11 show the best-fit models found from the soft
part of the X-ray spectra for ObsID 6360, 5512, 5513, and 1019.
ObsID 6360 and 5512 refer to the “hard” out-of-eclipse group of
spectra (see Section 4). ObsID 5513 and ObsID 1019 correspond
to the system’s orbital phases near the maximum eclipse depth (see
Table 1). It is clearly seen from a comparison ofObsID 6360, 5512,
and 5513 that the soft part of the spectra is hardly eclipsed (see also
Marshall et al. 2013) at the times of minimum inclination of the disk
axis and the jets to the line of sight (precession phases ψ < 0.2).
The ObsID 1019 observation shows that the spectra are difficult to
fit during precession phases close to the crossover, when the lines of
the two jets are closely spaced relative to one another. The numerous
Ne, Na, Fe, and Ni lines at energies < 1.5 keV are seen to blend
together, what creates difficulties in determining the abundances of
these elements, the line widths and centroid positions. Moreover,
for other observations near the crossover (the “soft” group of spec-
tra), apart from the difficulty of separating the jet lines, there are
problems related to the poor data quality (low signal-to-noise ratio),
which, in turn, is a consequence of the low count rate during the
corresponding observations (see Table 1). For the “hard” group of
spectra the model specified by Eq. 3 gives a good description of the
continuum shape and normalization up to energy of ≈ 2.5 keV; at
higher energies an excess of the flux relative to that predicted in the
model is observed probably due to an increase in the relative contri-
bution of the additional component. The presented best-fit models
have the following values of the C-statistic divided by the number
of degrees of freedom: 12083/11147 = 1.08, 11063.48/11147 =
0.99, 11890/11147 = 1.07 and 11390.85/11147 = 1.02.
A great number of lines originating in the jets, including the
neon, sodium, magnesium, aluminum, silicon, sulfur, iron, and
nickel lines, are clearly detected in the part of the spectrum un-
der consideration. The high resolution of the spectrum allows the
lines of different ionization states of the elements to be separated.
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All the lines detected with a good significance belong to the rela-
tivistic jets. Only theweak line with the centroid at 2 keV (E0 ≈ 1.92
keV for z = −0.044) between the Si XIII Kα and SiXIV Lyα lines,
which is clearly seen during the ObsID 6360 observation, consti-
tutes an exception. No such line was detected for other observations,
which may be the result of blending with the more intense jet lines
falling at 2 keV. The largest deviation from the model predictions is
observed for the hydrogen-like Si XIV Lyα doublet lines from the
ObsID 6360 data, while other silicon lines are described satisfacto-
rily. Our data analysis revealed no such problems for the analogous
sulfur and magnesium lines (see Figs. 10 and 11).
5.2 Temperature and composition of the X-ray jets
The emission lines observed in the soft part of the standard X-ray
band originate predominantly in jet regions with temperatures < 3
keV, at which the maximum plasma emissivity in a specified line is
reached. For example, for the SXVILyα (E0 = 2.62 keV) line the
emissivity peak is reached at a plasma temperature of ≈ 2.2 keV.
At the same time, the observed ratio of the fluxes in the FeXXVI
Lyα and FeXXV Kα lines (Fig. 2) clearly points to a jet base
temperature T0 & 10 keV. In that case, the hot gas near the jet
base radiates its energy predominantly through the bremsstrahlung
of hydrogen and helium and, thus, makes a significant contribution
to the continuum flux in the soft part of the spectrum, while the
line emission originates in considerably colder parts of the jets.
Therefore, the observed equivalent width of a specified line for an
arbitrary element can be obtained for various combinations of its
abundance and the jet base temperature by varying which we can
regulate the contribution of the hot-base emission in the energy
band of the line under consideration. The base temperature T0,
along with other model parameters, specifies the plasma differential
emission measure distribution along the jet, thereby changing the
relative contribution of the lines of various elements. However, in
the case of quasi-adiabatic gas cooling near the base (α  1),
which is assumed based on the sizes of the X-ray jets in SS 433 and
their observed X-ray luminosity (see Khabibullin et al. 2016), the
differential emission measure distribution takes an invariant form
relative to a variation in model parameters:
DEM(T/T0) = dEMd ln(T/T0)
=
neni dV
d lnT/T0
∝
(
T
T0
)3/4
. (4)
In that case, each transverse single-temperature gas layer of the jet
makes a constant relative contribution to the total emergent model
spectrum. Therefore, within the formalism under consideration the
base temperature turns out to be degenerate relative to the absolute
normalization of the elemental abundances when fitting the data
in the 1–3 keV energy band. Apart from the continuum level, the
base temperature, obviously, affects the slope of the multitemper-
ature bremsstrahlung spectrum for the jets, which, however, exerts
a weak effect on the spectrum in the narrow 1–3 keV energy band.
In practice this effect is difficult to feel, because near 3 keV the
situation is complicated by a significant contribution of the hard
component, which, in addition, changes considerably from obser-
vation to observation.
Nevertheless, the jet base temperature can be determined by
assuming the chemical composition of the gas in the jets to be close
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Figure 3. The gas composition in the jets of SS 433 found from the soft part
(1–3 keV) of the Chandra/HETGS X-ray spectra. The silicon abundance is
taken to be the solar one (Anders & Grevesse 1989). The derived neon (Ne),
sodium (Na), magnesium (Mg), silicon (Si), sulfur (S), iron (Fe), and nickel
(Ni) abundances are shown for the sample of observations from Table 1.
The dashed line indicates the set of elemental abundances corresponding to
the solar chemical composition from Asplund et al. (2009).
to the solar one, which allows the model flux in emission lines to be
calculated. We use this assumption by fixing the silicon abundance
in the last data fitting step in accordance with the solar value from
Anders & Grevesse (1989). At the same time, the abundances of the
remaining elements remain freemodel parameters, which allows the
“relative” elemental abundances and the jet base temperature cor-
responding to the observed line equivalent widths to be calculated,
provided that the silicon abundance is solar. As a normalization
we chose the silicon abundance in view of the largest contribution
from the lines of this element to the 1–3 keV flux (≈ 5–7%). Be-
sides, the flux in silicon lines is clearly detected owing to the intense
Si XIVLyα and SiXIII Kα lines, which rarely overlap with the lines
of the opposite jet.
Figure 3 shows the elemental abundances in the jet gas in units
of the solar abundance (Anders & Grevesse 1989) found from the
1–3 keV emission lines. The dashed line indicates the set of solar
elemental abundances from Asplund et al. (2009). For ObsID 5513
and 5514 the measurements were made from the spectra obtained
after the division of the total exposure into two parts; the values
averaged over the two parts are given. We do not provide the mea-
surements for ObsID 1020, 1940, 1941, 1942, and 15781, due to
the poor quality of the detection of jet emission lines. The ObsID
106 observation, for which the spectrum at energies < 1.5 keV is
strongly absorbed and has poor statistics and, as a result, the abun-
dances of many elements turn out to be shifted toward lower values,
stands out among the gas composition measurements.
The sensitivity of the model to the iron abundance is deter-
mined mainly by the large number of lines at energies < 1.5 keV
corresponding to transitions in FeXVII–XXIV ions; the total con-
tribution of the iron lines to the flux in the 1–3 keV energy band
is comparable to the contribution of the silicon lines. Note that the
abundances of the elements with lines predominantly in the soft
part of the spectrum (< 1.5) depend most strongly on the adopted
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Figure 4. Parameters of the best fit to the Chandra/HETGS data in the 1–3
keV energy band by the bjet thermal baryonic jet emission model at a fixed
solar silicon abundance and free abundance parameters of other elements:
Ne, Na, Mg, Al, S, Fe, and Ni (see Fig. 3). The system’s precession phase
ψ is along the horizontal axis; for the observations with phases ψ > 0.5 the
precession phase ismirrored. The upper panel shows the jet base temperature
for the observations from Table 1; the lower panel shows the hydrogen
column density for the phabs absorption model. The vertical dashed line
indicates the crossover position.
hydrogen column density in the absorption model. As can be seen
from Fig. 3, the low relative iron abundance in comparison with that
from Anders & Grevesse (1989) agrees much better with the more
recent iron measurements in the solar photosphere from Asplund
et al. (2009). The neon abundance is reliably measured from Ne X
lines; in particular, the most intense of them corresponding to the
Kα transition and originating in the coldest regions of the X-ray
jets (the temperature at the peak luminosity is ≈ 0.5 keV) is reliably
detected in the spectra under consideration. The value found also
corresponds to the solar chemical composition. The sulfur abun-
dance is determined slightly more poorly, because in the region of
the most intense lines of this element the contribution of the addi-
tional component is significant, as a result of which the abundance
being determined is shifted toward larger values. Taking this fact
into account, we also conclude that the S abundance is nearly solar.
The relative magnesium abundance is reliably determined from the
intenseMgXII Lyα line. TheMgXIKα triplet is also detected in the
best-quality spectra (ObsID 6360 and 5512); the derived abundance
turns out to be approximately half the solar value. The abundance of
sodium, whose emission lines make the smallest contribution to the
flux in the energy band under consideration (< 1%), is determined
most poorly. The derived high sodium abundance results mainly
from the residuals near the unshifted energy E0 ≈ 1.275 keV, where
a large number of more intense FeXXI, NeX and NiXIX-NiXXV
lines are emitted in addition to the NaXKα line; therefore, the value
obtained may be grossly overestimated. Remarkably, such a resid-
ual between the model and data is observed for the entire sample
of observations under consideration, including the ObsID 1019 ob-
servation near the crossover. The greatest deviation from the solar
chemical composition was found for nickel. Intense nickel lines are
reliably detected at energies below 1.5 keV. The derived nickel over-
abundance recalculated to ZNi/ZFe ∼ 10, on the whole, is consis-
tent with the fluxmeasurements in the NiXXVIIKα andNiXXVIII
Lyα lines relative to the FeXXV Kα and FeXXVI Lyα lines in the
6–9 keV energy band based on XMM-Newton data (Brinkmann et al.
2005; Medvedev & Fabrika 2010; Medvedev et al. 2018).
Figure 4 shows the derived jet base temperature that provides
the observed line equivalent widths for the elemental abundances
described above. The jet base temperature is seen to be virtually
independent of the orbital eclipses, which is also clear from a com-
parison of the lines in the soft part of the spectrum in Figs. 10 and
11. For most observations near the crossover the jet lines are poorly
detected and, therefore, as in the case of elemental abundances, the
base temperature is poorly constrained from the data. The model
parameters are constrained most accurately from ObsID 106, 5512,
5513, 5514, 6360, and 1019. Figure 5 presents the probability den-
sity distributions of the model parameters for ObsID 6360. It can
be seen from the two dimensional distributions that an increase in
the base temperature corresponds to a decrease in the hydrogen col-
umn density. Nevertheless, provided that the chemical composition
of the jets is nearly solar, all model parameters are satisfactorily
constrained from the data.
5.3 Jet opening angle and velocity
The motion of jet lines in the spectrum of SS 433 results from a
combination of the longitudinal and transverse Doppler effects. The
transverse Doppler effect is clearly observed at the times at which
the jets cross the plane of the sky (crossover times, ψ = 0.35 and
ψ = 0.65), when the Doppler shifts of the jet lines coincide and are
equal to v+,−r /c = γ − 1, where γ = (1 − β2)−1/2 is the Lorentz
factor and β = v/c is the gas velocity in the jets in units of the
speed of light. Measurements of the line shift allow the velocity of
the jets and their geometry, the inclination to the line of sight, and
the opening angle of the jets to be directly determined. Denote the
Doppler shift of the jet that approaches the observer for most of the
period by zb , the Dopller shift of the opposite jet by zr , and their
mean byz0 = (zr + zb)/2. Then, assuming a perfect symmetry and
the same jet velocity, we then obtain (Khabibullin et al. 2016):
β =
√
1 − 1(1 + z0)2
=
√
2z0
(
1 − 3
4
z0 + O(z20)
)
. (5)
Similarly, we can find the angle φ between the jet axis and the line
of sight:
zb = γ (1 − β cos φ) − 1, zr = γ (1 + β cos φ) − 1, (6)
i.e.,
cos φ =
1
β
(
1 − 1 + zb
γ
)
=
1
β
(
1 + zr
γ
− 1
)
=
zr − zb
2γβ
. (7)
Finally, by describing the line profile by a Gaussian with an rms
width Σ(E0) (E0 is the position of the unshifted line centroid), the
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Figure 5. One- and two-dimensional marginalized posterior distributions of parameters of the baryonic jet emission model (see Eq. 3) for fitting the ObsID
6360 data in the 1–3 keV energy band. The distributions are shown for the following parameters: nphabsH is the hydrogen column density in the phabs,
photoabsorption model, T0 is the jet base temperature (the temperatures were fixed to be equal for the two jets), σ6keV is the rms width of the Gaussian jet
line profile at 6 keV, and Lk × τe0 is the product of the kinetic luminosity by the optical depth for electron scattering at the jet base.Lk × τe0 was calculated
by assuming the distance to SS 433 to be 5 kpc; jetr /jetb corresponds to the red-jet suppression factor constant . The silicon abundance was fixed to be the
solar one, while the abundances of the remaining elements emitting intense lines in the energy band under consideration were determined from our fitting. The
5%, 50%, and 95% quantiles are indicated by the vertical dashed lines.
half-opening angle of the gas flow cone in the jet can be found from
the equation
Θ =
√
2 ln 2
3
2
βγ sin φ
Σ(E0)
E0
. (8)
As has been noted above, a spectral variability of SS 433 was
detected during ObsID 5513 and 5514 (Marshall et al. 2013). We
check the influence of such a variability on the derived parameters
by dividing the exposure of each observation into two parts and
repeating the fitting procedure for each part separately. Figure 6
shows the results of our measurements for the jet velocity β and
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Figure 6. Velocity, β (a),and cone half-opening angle, Θ (b), of the SS 433 jets from the measurements of the line positions and widths in the soft (1–3 keV,
black symbols) and hard (6–9 keV, blue symbols) parts of the Chandra X-ray spectra versus precession phase of the system ψ; for the observations with phases
ψ > 0.5 the precession phase is mirrored. The triangles indicate the measurements in the soft part of the spectrum when the exposure is divided into two parts
(the first part — the downward-directed triangles). The horizontal dashed line on the left and right panels indicates β = 0.26 and Θ = 0.013, respectively. The
vertical dashed lines indicate the crossover positions.
opening angle Θ; the circles indicate the result of our analysis for
the total exposure, the triangles indicate the results for the two parts
of each observation. The blue markers correspond to the parameter
measurements from lines in the hard part of the spectrum (6–9 keV)
by the method described in Section 6.
6 EMISSION LINES IN 5–8 KEV ENERGY BAND
The parameters of the jet emission model found by analyzing the
data in the 1–3 keV energy band, namely the total X-ray luminosity
of the jets, their base temperature, and the elemental abundances,
allow the fluxes in the lines emitted in the spectrum at energies above
3 keV to be predicted. In this section we check whether the inferred
jet parameters are consistent with the observed iron and nickel
emission lines in the 5–8 keV energy band. For this purpose, we use
the approach described in Medvedev et al. (2018) by extracting the
continuum emission component from the total spectrum of the bjet
model. Thereafter, the continuum component is subtracted from the
total model emission and, thus, the line emission model without
a continuum (lbjet) is determined. As a continuum model we
use the single-temperature plasma bremsstrahlung spectrum. The
fluorescent Fe I Kα line is described in a standard way, by adding a
Gaussian with a fixed centroid at 6.4 keV to the model. Apart from
the fluorescent iron line, it is necessary to add one more stationary
line with the centroid in the 6.6–6.65 keV energy range, which was
also detected from XMM-Newton data (Medvedev et al. 2018).
In the first step, the parameters of the lbjetmodel were fixed
in accordance with those found from the soft energy band; the
continuum model parameters were determined by fitting the data.
The flux in iron lines in the 5–8 keV energy band estimated in this
way turns out to be a factor of 2 or 3 lower than the observed flux in
lines of the hard group of spectra. To get an acceptable quality of the
fit, the line normalization in the lbjet model can be varied by two
methods: by varying Lk × τ, i.e., the total X-ray luminosity of the
jets, or by varying the abundances of the corresponding elements.
We will dwell on the second method in order to formally determine
the difference between the required iron abundances from lines in
the soft and hard Chandra spectral ranges. For this purpose, we
fit the data by releasing the main line parameters in the model (the
width and theDoppler shifts, the elemental abundances, and the base
temperature), but, at the same time, fixing the X-ray luminosity of
the jets found by analyzing the data in the 1–3 keV band. In the case
under consideration, the abundance and the temperature are now no
longer degenerate, because the ratio of the fluxes in the FeXXVKα
and FeXXVI Lyα lines is sensitive to the jet base temperature (see
Section 4). The best-fit models obtained in this way are shown in
Fig. 7; the derived parameters are shown in Fig. 8.
Our data analysis showed that the jet base temperature needed
to describe the lines in the 5–8 keV energy band is slightly higher
than that found by modeling the lines in the soft 1–3 keV energy
band (the left panel in Fig. 8). However, to get the observed flux in
iron lines, it is necessary to formally increase the iron abundance
to ≈ 1.3 (with a large scatter), while the iron abundance from the
soft part of the spectra is ≈ 0.5 in solar units. From this it can
be concluded that the hotter part of the jets, with a temperature
above the base temperature T0 providing the observed ratio of the
line and continuum fluxes in the soft part of the spectrum, must
make a significant contribution to the jet emission at energies 3
keV, but, at the same time, be almost completely suppressed in the
soft part of the spectrum. The contribution of the emission from
such hot and more compact regions of the jets is confirmed by
the observed decrease in the iron line formation temperature at the
times of orbital eclipses in the system, while in the soft part of the
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Figure 7.ModelingObsID 6360, 5512, and 5513 in the 5–8 keV energy band using the lbjet jet line emission model (the blue and red lines for the approaching
and receding jets, respectively) in combination with the continuum bremsstrahlung model (blue dashes) and two Gaussians (black dashes) with the centroids at
6.4 and 6.6 keV. The figure shows the HEG (blue dots) and MEG (black dots) data binned for better visualization with a detection significance of at least 5σ.
The blue, red, and black arrows at the top indicate the lines of the approaching jet, the receding jet, and the stationary lines, respectively.
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Figure 8. Parameters of the lbjetmodel found by analyzing the data in the 5–8 keV energy band versus precession phase of the system ψ; for the observations
with phasesψ > 0.5 the precession phase is mirrored. The vertical dashed lines mark the crossover times. The left panel shows the jet base temperature defining
the ratio of the fluxes in the FeXXV Kα and FeXXVI Lyα lines. The middle panel presents the fluxes in the fluorescent Fe IKα line at 6.4 keV (black circles)
and in the stationary line at 6.6 keV (red circles), which presumably forms as a result of fluorescence on FeXXII–XXIII ions in hot wind regions. The right
panel shows the iron abundance in solar units (Anders & Grevesse 1989) needed to describe the iron lines at fixed parameters of the jet emission model found
from the soft part of the spectrum (see Section 5).
spectrum no significant changes are observed. As follows from a
comparison of the velocities and opening angles from lines in the
soft and hard energy bands in Fig. 6, the presumed hot extension
of the jets must be completely identical in kinematic and geometric
characteristics to the non-eclipsed parts of the jets dominating in
the soft part of the spectrum (some deviations were detected only
for the times of jet jitter during ObsID 5513 and 5514).
Apart from the jet lines, the fluorescent Fe I Kα line is of
great interest. There are several versions regarding the fluorescent
emission formation mechanisms in SS 433. Medvedev et al. (2018)
proposed a model in which the fluorescent emission could origi-
nate in optically thin regions of the supercritical disk wind, which
partially block and scatter the emission from the hottest parts of
the jets. Figure 8 presents the fluxes in the Fe I Kα line and the
stationary line at ≈ 6.6 keV. The relatively large measurement error
is associated with the model dependence of the contribution of the
nickel and iron lines of the receding jet to the observed flux near
the lines under consideration. It is clearly seen that the line fluxes
change similarly. The line fluxes are also seen to depend on the
hardness of the spectra (see Section 4); in other words, the flux in
the fluorescent line rises as the contribution of the additional com-
ponent increases. It is clearly seen that both lines, along with the
additional component, weaken significantly at the times of orbital
eclipses in the system. The fluorescent iron line is described by a
narrow Gaussian with a width of 10–20 eV, while the line at 6.6
keV is considerably broader: a line width of ∼ 60 eV was obtained
for the out-of-eclipse observations; at the times of eclipses the line
width decreases to ∼ 40 eV. The measured line characteristics, on
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cwind model
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T0, τe0
τT >> 1
τT~ 0.1
τT<< 1 bjet model
Compton-hump?
hbjet
Figure 9. Scheme of the model for the formation of the broadband X-ray
spectrum of SS 433 within the thermal jet emission. The approaching and
receding jets are represented by the blue and red regions, respectively. The
supercritical accretion disk wind is presented in the form of a homogeneous
spherical cloud of neutral gas with a radial Thomson optical depth τT in
which symmetric conical cavities with an opening angle Θd = arccosµd
were cut out along the axis passing through the cloud center and forming an
angle i = arccosµ with respect to the observer’s line of sight.
the whole, are consistent with the model of line formation as a re-
sult of fluorescence on iron in the supercritical disk wind. In this
case, the line at 6.6 keV must be emitted in the inner, highly ionized
parts of the wind, whose velocity must be very high, ∼ 3000 km
s−1. Nevertheless, the material in the wind can possibly also expand
with higher velocities, as a result of which an observable observed
low-contrast broad pedestal is formed in the profiles of optical sta-
tionary emission lines (Medvedev et al. 2013). The position of the
line centroid lies in the 6.55–6.64 keV band, which may correspond
to the degree of iron ionization XXII–XXIII.
7 HARD COMPONENT MODEL
A high mass transfer rate in the supercritical disk wind (∼ ÛM) gives
rise to dense gas structures around the central engine of SS 433.
Obviously, such a wind completely blocks the emission from the
jets in the region of their formation, collimation, and acceleration
whose size can be compared with the supercritical disk spherization
radius Rsph (Poutanen et al. 2007):
Rsph =
5
3
ÛM
ÛMEdd
Rin = 1.8 × 109 cm, (9)
where Rin = 6GMX/c2 = 2.7 × 106 cm is the inner radius of
the accretion disk and ÛM/ ÛMEdd ∼ 400 is the mass transfer rate
from the donor star in units of the Eddington accretion rate ÛMEdd =
3 × 10−8
(
MX
M
)
M yr−1, for a mass of the compact object in the
system MX = 3M (see Fabrika 2004). At the same time, at
distances along the jet axis where the gas temperature approaches
the base temperature, T0 ≈ 15 keV, the wind must have a fairly low
density corresponding to an optical depth for electron scattering
. 10−2, as can be seen from the hydrogen column density estimates
(Fig. 4). In this case, the geometrical size of this region must be
comparable to the effective Roche lobe radius for the donor star
in SS 433, i.e., RT0 & 2 × 1012 (Hillwig & Gies 2008; Lopez
et al. 2006; Marshall et al. 2013), to ensure the absence of changes
in the soft part of the spectrum at the times of orbital eclipses.
Medvedev et al. (2018) proposed a scenario in which an excess of
hard X-ray emission is formed in the hot extension of the jets whose
maximum gas temperature can exceed considerably the visible base
temperature T0 ≈ 15 keV.
Such a situation is possible if there exists a region of the wind
around the jets whose density provides an appreciable optical depth
for photoabsorption, blocking the jet emission at energies below 3
keV, but, at the same time, optically thin for electron scattering, as
a result of which the hard X-ray emission from the hottest parts
of the jets passes through and is scattered only partially. In such a
situation the fluorescent Fe I Kα emission line is formed together
with the scattered continuum emission whose contribution to the
total observed spectrum is expected to be τT ∼ 0.1. In this paper we
continue to develop the idea proposed by Medvedev et al. (2018) by
calculating the emission model of the hot extension of baryonic jets
(hbjet) intended to become a connecting link between the emission
characteristics of the jets, the additional hard component, and the
fluorescent emission in the X-ray spectra of SS 433.
7.1 Hot extension of the jets and scattered component
Within the proposed formalism of the formation of hard X-ray emis-
sion the broadband spectrum of SS 433 can be described by a com-
bination of three spectral models (see the scheme in Fig. 9)5:
i the bjet model: the contribution of the emission from the
unabsorbed part of the jets dominating at energies below 3 keV. A
maximum gas temperature T0 ≈ 15 keV is reached at a point called
the jet base. The model was proposed by Khabibullin et al. (2016);
ii the hbjet model: the photoabsorbed emission from the hot
extension of the jets. The contribution of the component dominates
at energies above 3 keV. The model describes the emission from the
part of the jet with temperatures from T0 to the maximum visible
gas temperature Tmax , after which the jet emission is completely
blocked by the dense wind;
iii the cwind model: the emission component of the hot exten-
sion of the jets scattered in an optically thin wind with the fluo-
rescence of neutral atoms. The component reproduces the observed
flux in fluorescent lines, but the integrated contribution of the com-
ponent is relatively small, ∼ τT ∼ 0.1. The model was proposed by
Medvedev et al. (2018).
The hbjet spectral model was computed by analogy with
the bjet model (Khabibullin et al. 2016). The boundary (initial)
conditions for solving the thermal balance equation (see Eq. 1) are
specified as before at a point along the jet axis called the base
5 All three models are publicly accessible and can be downloaded from
ftp://hea.iki.rssi.ru/medvedev/bjet
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(r0), where the jet is directly visible to the observer. Thereafter,
the thermal balance equation is solved in the “backward” direction,
in the direction of increasing gas temperature. The computation is
terminated at rmin, when the gas temperature reaches Tmax . We
assume that the emission from a portion of the jet with r < rmin
is completely blocked by the accretion disk wind. The model was
computed for a similar set of parameters as that for the bjetmodel,
but it has an additional parameter for the maximum visible gas
temperature Tmax .
The cwind spectral model is described in Medvedev et al.
(2018). In this model the emission source is placed at the center of a
homogeneous spherical cloud of neutral gas with a radial Thomson
optical depth τT and a heavy-element abundance Z , in which sym-
metric conical cavities with an opening angle Θd = arccos µd were
cut out along the axis passing through the cloud center and forming
an angle i = arccos µ with the observer’s line of sight (see Fig.. 9).
The point source is assumed to correspond to the part of the jet with
the highest temperature Tmax whose spectrum is specified by the
single-temperature bremsstrahlung model.
7.2 Fitting results
The parameters of the bjet model are fixed in accordance with
those found by analyzing the soft part of the spectrum (see Sec-
tion 5.1). Since obtaining accurate parameters of the model for the
hard component is beyond the scope of this paper, for a qualitative
description of the spectrum we use the hbjet model only for the
approaching jet, which makes a major contribution to the observed
spectrum. This approximation seems reasonable, because for the
observations at precession phases ψ < 0.2 the suppression factor of
the opposite jet constant found from our fitting points to a very sig-
nificant additional absorption probably attributable to the gas in the
system’s equatorial plane. The hbjet emission photoabsorption, as
before, is specified by the phabs model. All of the model parame-
ters, except for the maximum gas temperatureTmax , are joined at r0
corresponding to the position of the jet base in the bjetmodel. For
the cwind model of the scattered emission component the source’s
bremsstrahlung temperature is related toTmax and the optical depth
is related to the parameter NH of the multiplicative phabs model
for the hot part of the jet hbjet. The derived model can be written
as
Model = phabs ∗ (gsmooth ∗ (zashi f tb ∗ bjetb+
+ constant ∗ zashi f tr ∗ bjetr )+
+ phabs ∗ gsmooth ∗ zashi f tb ∗ hbjetb+
+ cwind).
The derived best-fit models for ObsID 6360 and 5513 are shown in
Fig. 12. We see that there is a deficit of the flux in iron lines in the
5–8 keV energy band; we think that this may stem from the fact that
the model used is obviously simplified. In particular, we disregard
the change in the density of wind material along the line of sight for
different points along the jet axis by fixing the parameter NH for the
entire emergent radiation of the hbjetmodel. Besides, a neutral and
homogeneous gas in a wind with a simple spherically symmetric
geometry is considered in the cwind model, which, obviously, is a
rough approximation. The central part of the wind can have a high
degree of gas ionization, as suggested by the observed stationary
line at 6.6 keV described in Section 5.1. The wind is also expected
to have a significantly inhomogeneous structure (see, e.g., Ohsuga
& Mineshige 2011). Nevertheless, we see that the proposed model
can qualitatively reproduce the hard continuum at energies > 3 keV
and compensate almost completely for the flux excess in iron lines.
8 CONCLUSIONS
The unknown spectral shape of the emission from the additional
component introduces great uncertainties in describing the broad-
band Chandra spectrum by the jet emission model. We made an
attempt to separate the X-ray emission produced in the jets from
the emission of the additional component through a systematic data
analysis. For this purpose, we used data in the soft 1–3 keV X-
ray energy band, where the bulk of the X-ray lines are emitted
and the contribution of the additional component is expected to
be comparatively small. In this part of the spectrum the energy
resolution and sensitivity of the HETGS diffraction gratings reach
the highest values, which allows the line intensities and positions
for the approaching and receding jets to be measured separately.
Such measurements give valuable quantitative information about
the temperature and chemical composition of the gas in the jets.
However, the elemental abundances being determined turn to to be
directly related to the presumed temperature of the visible jet base,
which leads to degeneracy of the model parameters when directly
fitting the data. A constraint on the jet base temperature can be ob-
tained by analyzing the relative intensities of the lines originating
in jet regions with different temperatures providing the maximum
plasma emissivity in a given line. In practice, unfortunately, this
method is unsuitable when analyzing the lines in the soft part of
the spectrum, because the emission measure distribution in the cold
“tail” of the X-ray jets is insensitive to the jet base temperature. On
the other hand, such a situation allows the relative abundances of
elements whose lines are emitted in the soft X-ray energy band to
be accurately measured. Our data analysis showed that the relative
abundances of all elements, except for nickel, are close to their so-
lar values. This allowed us to determine the jet base temperature,
T0 ≈ 15, at which the continuum level in the soft part provides the
observed line equivalent widths under the condition of a nearly solar
chemical composition of the jets.
The model parameters found from the soft part of the spectrum
allow the fluxes in jet emission lines to be predicted in the entire
Chandra energy range. The observed fluxes and the required jet base
temperature for the iron lines in the 5–8 keV energy band turned
out to be noticeably higher than those predicted in the model from
the lines in the soft part of the spectrum. In contrast to the lines in
the soft part of the spectrum, the observed fluxes in the iron lines
point to a decrease in the jet base temperature at the times of orbital
eclipses in the system.
As an explanation of the additional component we develop the
formalism proposed in Medvedev et al. (2018). According to the
scenario proposed in this paper, an excess of hard X-ray emission
is formed in the hot extension of the jets in which the maximum
gas temperature can significantly exceed the visible base tempera-
ture T0 ≈ 10 . Such a situation is possible if there exists a region
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of the wind around the jets whose density provides an apprecia-
ble optical depth for photoabsorption, blocking the jet emission
at energies below 3 keV, but, at the same time, optically thin for
electron scattering, as a result of which the hard X-ray emission
from the hottest parts of the jets passes through and is scattered
only partially. In this paper we computed the emission model of the
hot extension of baryonic jets (hbjet model) intended to become
a connecting link between the emission characteristics of the jets,
the additional hard component, and the fluorescent emission in the
X-ray spectra of SS 433. The parameters of the models for the ab-
sorbed and unabsorbed parts of the jets are linked by the boundary
conditions at the jet base, where the jet becomes directly visible
to an observer without absorption in the wind. A combination of
the emission model for the unabsorbed X-ray jets with the partially
scattered and photoabsorbed emission from the hot extension of the
jets gives a complete self-consistent picture of the formation of the
broadband X-ray spectrum for SS 433 within the thermal emission
of the baryonic jets in the system. The required equivalent hydrogen
column density for the photoabsorbed part of the jets turns out to be
within the reasonable range NH = 15–20 × 1022 atoms cm−2 with
a maximum gas temperature up to 40 keV.
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Figure 10. Results of fitting the HEG and MEG data for ObsID 6360 (two upper panels) and ObsID 5512 (two lower panels) by the thermal jet emission model in the 1–3 keV energy band. The figure shows only
the MEG data, the spectral channels were binned for better visualization, each bin has a detection significance of at least 7σ. The combined model is indicated by the green solid curve; the emission from the
approaching and receding jets is indicated by the blue and red dashed lines, respectively. The derived Doppler shifts of the jets are: ObsID 6360: zb = −4.40 ± 0.02 × 10−2, zr = 11.57 ± 0.09 × 10−2 and ObsID
5512: zb = −7.21± 0.03× 10−2, zr = 14.32± 0.14× 10−2. The Kα and Lyα emission lines of hydrogen- and helium-like Ne, Na, Mg, Al, Si, and S ions as well as the most intense iron and nickel lines in the 1–1.5
keV band of the approaching jet are indicated at the top.
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Figure 11. Same as Fig. 10 for ObsID 5513 and ObsID 1019. The observations correspond to the times of deep orbital eclipses (orbital phase φ ≈ 0), but different precession phases of the system: ψ = 0.16 for
ObsID 5513 is a phase at which the accretion disk is open almost completely to the observer and ψ = 0.26 for ObsID 1019 is a phase close to the crossover, when the observer views the accretion disk edge-on. The
derived Doppler shifts of the jets are: ObsID 5513: zb = −6.20 ± 0.05 × 10−2, zr = 13.39 ± 0.17 × 10−2 and ObsID 1019: zb = 0.93 ± 0.05 × 10−2, zr = 6.2 ± 0.07 × 10−2.
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Figure 12. Modeling the additional hard component in the Chandra spectra of SS 433 (ObsID 6360 and 5513). The figure shows the HEG (violet dots) and MEG (black dots) data binned for better visualization
with a detection significance of at least 7σ. The combined model is indicated by the solid green and violet curves (for the MEG and HEG, respectively); the components of the approaching and receding jets (bjet
model) are represented by the blue and red dashed lines, respectively. The contribution of the emission from the absorbed hot extension of the approaching jet (hbjet model) is indicated by the yellow dashed line.
The scattered emission component from the hottest parts of the jet (cwind model) is indicated by the pink dashed line (fluorescent iron line).
